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Pennsylvanian-aged paleosols from four Illinois Basin (IB) cores were sampled to
characterize clay mineralogy, paleosol morphology, and major element geochemistry. This data
combined with X-ray diffraction (XRD) and X-ray fluorescence (XRF) data from two other
stratigraphically equivalent cores were used to better understand basin-wide diagenetic patterns.
Paleosols unimpacted by diagenesis are considered reliable proxies for continued geochemical
analyses and paleoclimate interpretations of middle to late Pennsylvanian (DesmoinesianMissourian) low-latitude environments.
Reichweite Ordering, as determined from XRD analysis of <2µm fraction of
phyllosilicates within paleosol profiles, indicates that diagenesis impacted the deep interior of the
basin and the southern portion of the basin. Further investigation of illitization mechanisms
derived from Δ° 2Θ, as determined from XRD analysis, indicate that there is a basin-wide
increase in % illite in interstratified illite/smectite superstructures (I/S) in the upper
Desmoinesian, followed by a decrease in % illite in I/S in the Missourian. Detailed morphology
of paleosols sampled from the IB cores indicates that many exhibit gleyed, vertic, and or calcic
properties. Geochemical trends of bulk matrices determined from XRF analysis indicate that
alumina is prominent in IB paleosols, whereas labile element oxides, such as MgO, occur in trace
to minor amounts.
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Collectively, these XRD results suggest that paleosols in the southern portion of the IB
were altered during burial diagenesis, perhaps due to proximity to the Reelfoot Rift-Rough Creek
Graben system. Diagenetic signals were identified from paleosols lower in the stratigraphy that
may have been reworked during deeper burial. Therefore, paleosols examined from the northern
and eastern portions of the basin and higher in the stratigraphic succession should be considered
more reliable for paleoenvironmental reconstructions. However, the results from Reichweite
Ordering and % illite in I/S to determine illitization mechanisms differ; 60% of samples show
conflicting results, indicating that illitization mechanism proxies should be used carefully or not
at all. This study also shows through paleosol physical morphologies and subsequent
classifications that some paleosols formed in wet climates whereas others formed in less wet
climates. Furthermore, this study finds that chemical weathering indices from bulk paleosol
matrices utilized herein show a high intensity of weathering in the Desmoinesian followed by a
slight decrease in weathering intensity in the Missourian. This result aligns with previous
research that states the low-latitude paleoclimate transitioned from a wet to less wet climate from
the middle to late Pennsylvanian.
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CHAPTER 1
INTRODUCTION
There is overwhelming evidence from many studies which suggest that the climate is an
important, and frequently the dominant, influence on the mineralogy and chemistry of soil
profiles. The geochemical composition of paleosols, or fossilized soils, is believed to store
ancient climate information preserved during episodes of soil formation (Singer, 1980; Sheldon
and Tabor, 2009; Tabor and Myers, 2015; Tabor et al., 2017). These geochemical studies of
paleosols have provided information on ancient carbon dioxide levels (Cerling, 1999; Montañez
et al., 2016), paleotemperature (Yapp, 1987; Yapp and Poths, 1992; Tabor and Montañez, 2005;
and many others), and palynology and paleobotany (Peppers, 1979; Phillips and Peppers, 1984;
DiMichele and Nelson, 1989; Cecil et al., 2014). The ability to use paleosols in
paleoenvironmental investigations relies on the assumption that the paleosols have not been
significantly altered after their formation and subsequent burial. Alteration in paleosols has been
assessed by studying clay mineralogy (Moore and Reynolds, 1997; and those therein), paleosol
macromorphology (Retallack, 1991), potassium metasomatism (Fedo et al., 1995), and
pedogenic carbonates (Leier et al., 2009; Michel et al., 2016). However, no prior study has
attempted to use clay mineralogy analysis techniques to parse out the difference between
pedogenic and diagenetic illitization in paleosols to understand diagenetic trends on a basin-wide
scale. Moreover, by investigating illitization mechanisms trends, this study evaluates the
legitimacy and robustness of illitization proxies through a direct comparison of approaches.
Additionally, no prior study has attempted to assess chemical weathering intensity in the
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pedogenic environment of the Illinois Basin during episodes of soils formation. This new dataset
will allow for further characterization of the low-latitude paleoenvironment during the
Pennsylvanian.
This paper presents a new suite of middle-upper Pennsylvanian-aged Illinois Basin (IB)
paleosols which are classified as Protosols, Histosols, Vertisols, and Calcisols with gleyed,
calcic, and vertic modifiers (sensu Mack et al., 1993). These findings support the IB Pedotypes
defined in Rosenau et al. (2013a), indicating that the IB experienced wet and less wet conditions
throughout the Pennsylvanian. The results of X-ray diffraction (XRD) analyses of clay fractions
from paleosols in this study indicate that burial diagenesis primarily impacted the southern and
deeper interior of the IB. However, these interpretations of mixed-layer illite/smectite (I/S) XRD
spectra using Reichweite Ordering (Jadgozinski, 1949) and Δ° 2θ (Środoń, 1980) illitization
proxies produce conflicting results which suggests that these proxies do not sufficiently
distinguish between diagenetic and pedogenic illitization mechanisms. Lastly, supplemental
geochemistry data from X-ray fluorescence (XRF) analysis attempts to comment upon chemical
weathering intensity in the pedogenic environment during soil formation using paleoweathering
proxies of elemental abundances from bulk paleosol matrices (Nesbitt and Young, 1982;
Harnois, 1988; Maynard, 1992; Retallack, 1999, 2001; Nordt and Driese, 2010). These results
suggest that the IB experienced an increased intensity of chemical weathering in the
Desmoinesian and decreased in the Missourian. This interpretation of the XRF dataset aligns
with previous research that states the low-latitude paleoclimate of the IB transitioned from a wet
to less wet climate from the middle to late Pennsylvanian (Desmoinesian to Missourian; Tabor
and Poulsen, 2008; Rosenau and Tabor, 2013; Rosenau et al., 2013 a, b; Montañez et al., 2016).
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CHAPTER 2
GEOLOGIC BACKGROUND
2.1 Illinois Basin Geologic Background
2.1.1 Tectonic History
The Illinois Basin (IB) is a stable cratonic, midcontinent basin, that actively, but episodically,
accommodated sediment during the Paleozoic (Buschbach and Kolata., 1990). Based on
paleomagenetic data, the IB was likely located equatorially 0° ± 5° during the late Paleozoic
(Figure 1; Blakey, 2007; Domeier et al., 2012). The basin is bound by the Mississippi River arch
to the northwest, the Kankakee arch to the northeast, and the Cincinnati arch, the Pascola arch,
and the Ozark dome to the south and southwest (Willman et al., 1975). The basin began
accommodation of sediments in the late Precambrian to early Cambrian due to the onset of the
Reelfoot Rift- Rough Creek Graben system, which underwent crustal stretching, extension
faulting, and subsidence, concurrent with the breakup of supercontinent Rodinia (Kolata and
Nelson, 1991). The Reelfoot Rift stretches from modern east-central Arkansas in to southernmost
Illinois, beneath the Mississippi Embayment, with the Rough Creek graben being an extension of
the rift system (Figure 1; Kolata and Nelson, 1991). In the Cambrian, the rift complex formed a
narrow embayment that connected to the sea, but by the late Cambrian faulting had ceased.
Although the Reelfoot Rift zone failed, it contributed to the early development of the IB basin
geometry. These initial factors then shaped an ideal basinal setting, with increasing subsidence
and accommodation for the influx of sediments throughout the Paleozoic.
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Throughout its history, the basin experienced tectonic deformation due to nearby tectonic
events. In the late Paleozoic, one major structural feature in the basin, called the LaSalle
anticline, formed in the eastern part of what is now Illinois (Kolata and Nelson, 1991). The uplift
of the anticline began in the Mississippian, with the post-erosional Ordovician St. Peter
Sandstone being exposed and subsequently buried by Pennsylvanian sediments (Bristol and
Prescott, 1968). The anticline continued to be uplifted into the Permian. Deformation elsewhere
in the basin was minimal, with only two substantiated tectonic events occurring in the Late
Paleozoic into the Mesozoic Era. Weller (1940) and Strunk (1984) suggest two phases of stress
on the IB, first compression followed by extension. The compressional phase is attributed to the
assembly of Pangea, where the basin experienced compressional stress from the southeast during
the early Carboniferous. The subsequent extensional phase is attributed to the Mesozoic breakup
of Pangea. In more recent times, it has been suggested that the IB is influenced by the New
Madrid seismic zone to the south of the basin, where the stress imposed on the basin is from
horizontal compression (Sbar and Sykes, 1973; Braile et al., 1982; Nelson and Bauer, 1987).
This recent stress field may be related to the westward shift of the North American plate due to
the Mid-Atlantic Ocean ridge (Irving, 1977) that arose around 70 million years ago in the
Cretaceous. Even though these tectonic events disrupted the original stratigraphy, it is mostly
well preserved such that sequences and individual sedimentary units may give insight into the
environment of their formation.

14
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Figure 1 Left Paleogeography of North America during the Late Carboniferous (modified from Blakey, 2007).
The approximate paleogeographic location of the Illinois Basin during the is represented by the red circle near
the paleoequator ±5°. The interior of North America was much closer to a series of broad epicontinental seas at
that time, impacting the sediment depositional environment. Right The structural features that impacted the
development of the IB relative to its modern geographic position in the U.S.A. midcontinent region (modified
from Bauer et al., 2016).

2.1.2 Stratigraphic Setting
The IB stratigraphy is progressively thicker towards the southern part of the basin (Figure 2).
Paleozoic stratigraphy of the IB consists of Paleozoic Cambrian through Pennsylvanian strata
which lie noncomformably over 1.55 Ga Precambrian granite-rhyolite, known as the Eastern
Granite-Rhyolite Province (Figure 2; Van Schmus et al., 2007; Buschbach and Kolata, 1991).
Although the IB filled in the Late Paleozoic, the basin is overlain by limited Cretaceous and
extensive Quaternary-aged glacial sediments across most of the basin (Figure 2; Treworgy and
Whitaker, 1990; Whitaker and Trewogy, 1990; Whitaker et al., 1992; Treworgy et al., 1997).
There are surficial outcrops of Paleozoic IB sedimentary strata located primarily near the
southernmost limits of the basin. Much of the shallow stratigraphy in the IB is Carboniferous in
age, with characteristic cyclical units in the Pennsylvanian (Figure 3). These Pennsylvanian
cycles of strata are denoted as cyclothems, which are sequences that represent episodic
transitions between marine and non-marine deposits, interbedded by coal layers (Figures 3 and 4;
Weller, 1930).
The ideal cyclothem is composed of ten sedimentary units (Figure 4), including massive to
thinly-bedded argillaceous sandstone, nonmarine sandy shale, underclay, coal, marine shale,
non-fossiliferous limestone, and fossiliferous limestone (Wanless and Weller, 1932). There are
approximately fifty cyclothem sequences in the IB, but few contain the complete set of the full
ten “ideal” sedimentary units because they are laterally discontinuous (Willman and Payne,
1942; Willman et al., 1975; Baird and Shabica, 1980). Studies suggest that sea level must have
fluctuated over time to produce these varying sedimentary units (Cecil, 1990; Heckel, 1994,
2008; Cecil et al., 2014). Though the exact mechanism behind the eustatic fluctuations is
debated, other signatures of environmental change can be assessed.
16
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Figure 2 Cross sections of the Illinois Basin stratigraphy. The Illinois Basin stratigraphy extends to greater depths
in the southern-most portion of the basin (see cross section A-A’ above) and in the interior (see cross section B-B’
above). Aside from scarce Quaternary sediments, the Pennsylvanian stratigraphy is the shallowest set of units in
the basin (depicted in blue). Modified from Treworgy and Whitaker (1990), Whitaker and Treworgy (1990),
Whitaker et al. (1992), Treworgy et al. (1997).

Figure 3 General Illinois Basin stratigraphic column of middle to upper Pennsylvanian units
(Rosenau et al., 2013a). The middle-upper Pennsylvanian includes the Atokan-Virgilian Series
(North American regional stage; similar to Bashkirian-Gzhelian global stage and WestphalianAutunian Western Europe regional stage). Formations of interest for this work include the
Carbondale, Shelburn, Patoka, Bond and Mattoon. Important members of the formations are
noted next to illustrations of the general lithology. Stratigraphic units repeat every ~10-20 m (see
scale in upper right of figure). See text for discussion.
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Figure 4 The “Ideal Cyclothem,” lithostratigraphy represented on the left with its ten
recognizable units, is not always laterally continuous, as demonstrated by the lithologic panel
diagram shown on the right. This idealized model of strata describing the sequences is observed
in the Illinois Basin though each sequence does not necessarily include all ten stratrigraphic
units. There are roughly fifty identifiable cyclothem sequences in the IB (Weller, 1930; Wanless
and Weller, 1932; Willman and Payne, 1942; Baird and Shabica, 1980).

2.1.3 Evidence of environmental changes in the IB during the middle-late Pennsylvanian
The Carboniferous Period has been of great interest for many decades, largely due to
substantial coal deposits found in North America (Illinois and Appalachian Basin, USA) and
Europe (Donets Basin, Ukraine; Cecil et al., 1985; DiMichele et al., 2010). However, studies
noted that coal characteristics vary throughout the Pennsylvanian, changing from low-ash to
high-ash content upward through the stratigraphic succession. This transition from low- to highash coal content is most pronounced near the middle-upper Pennsylvanian boundary,
acknowledged in this text from this point forward as the Desmoinesian-Missourian boundary
(North American regional stage nomenclature; around the Moscovian-Kasimovian: global
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stage/Eastern Europe regional stage and Westphalian-Stephanian: Western Europe regional
stage; Figure 3; Heckel and Clayton, 2006), and is accompanied by increases in sulfur weight %
and physical changes in peat deposits from domed to planar upward in the stratigraphic
succession (Cecil et al., 1985; DiMichele et al., 2010). It has been suggested that this is peat-type
transition is associated with changes in climate (Cecil at al., 1985). Domed peats are associated
with high rainfall regimes to account for continuous water availability and absorption of water
that creates a physical dome of peat and slows the decay of plant material while other plants
grow, creating “peat forests” (Morrison, 1955; Muller and Helser, 1996). Planar peats are
associated with lower rainfall regimes, where the dominant water input is from flooding into the
low-lying swamp, bringing in sediment of varying content (Morrison, 1955; Muller and Helser,
1996). Now that there was evidence for changing climate from the middle to late Pennsylvanian,
scientists considered other signatures preserved in the geologic record that might support this
theory.
The Desmoinesian-Missourian boundary has been a central interest of paleontologists and
paleobotanists due to the proposed occurrence of a minor extinction event in marine species and
terrestrial vegetation that appears to be a trigger for diversification of terrestrial faunas (Sahney
et al., 2010). Numerous studies have found extinction signatures in a variety of marine taxa, such
as conodonts (Heckel and Weibel, 1991), some tetrapods (Berman et al., 2010), and most widely
studied, terrestrial vegetation (DiMichele and Phillips, 1996; Pfefferkorn et al., 2008). This
purported change from terrestrial ecosystems dominated by lycopods to ferns concurrent with
rainforest depletion (Pfefferkorn and Thomson, 1982; DiMichele et al., 2006) caused habitat
fragmentation leading to amphibian and reptile diversification for survival (Sahney et al., 2010).
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This change in species populations may be attributed to changes in climate, where aridification
was promoted (Cecil et al., 1990).
Middle-late Pennsylvanian aridification is supported by paleoatmospheric pCO2 estimates
from δ13C isotopic analyses of pedogenic carbonates and fossil leaf-based proxies from the
Carboniferous-Permian (Montañez et al., 2016). These results indicate that pCO2 levels fluctuate
on short time scales, but generally decreased from the Desmoinesian into the middle Missourian,
followed by an increase in atmospheric CO2 from the upper Missourian into the lower Virgilian.
Montañez and others (2016) suggest this long-term increase in pCO2 is connected to a decrease in
rainfall and a change from a regressive to a transgressive period. Still, the mechanism behind this
change in climate in the late Pennsylvanian is debated, but it is generally associated with the
influence of temporal changes in the extent and magnitude of glaciation on Gondwanaland
eustasy that gave rise to the development of cyclothemic stratigraphic successions in the Pangean
tropics (Tabor and Poulsen, 2008). Furthermore, the controversy includes differing views on
whether this occurred during a glacial phase, where sea-level was low (Heckel, 1991; FalconLang et al., 2011), or during an interglacial phase, where sea-level and CO2 levels were high
(Fielding et al., 2008 a, b; Gulbranson et al., 2010; Montañez et al., 2016). Regardless of the
mechanism behind this transition, most agree that there is evidence to support aridification in
tropical, low-latitude regions during the transition from the middle to late Pennsylvanian (Cecil
et al., 2003; Tabor and Poulsen, 2008).
As stated in section 2.1.1 Tectonic History, the IB was located near the paleoequator during
the Pennsylvanian and thus could preserve evidence of the climatic shift in the ancient tropics
suggested by other studies. The IB stratigraphy contains many underclay units, described as
paleosols, that are part of the cyclothem sequences and may preserve paleoclimate and
21

paleoenvironment information. Therefore, analyzing IB paleosol profiles for paleoclimate
information may give additional insight into the paleoenvironment of the North American
midcontinent during the late Carboniferous and provide evidence of whether there was a
significant climatic change during this time.
2.2 Pedogenesis, Paleosols, and Clay Minerals
The underclay units of the IB lithostratigraphy are recognized as paleosols or fossil soil
profiles (Rosenau et al., 2013a, 2013b; Montañez et al., 2016). These are soils that were
subaerially exposed on a stable landscape, reworked by biological and hydrological processes,
unaffected by substantial erosion, and lacked significant terrigenous input. Studies of paleosol
profiles often have used modern soil systems as a proxy for understanding how soil formation, or
pedogenesis, occurred in the geologic past (e.g. Nordt and Driese, 2010). Pedogenesis is
influenced by dynamic factors over its evolution such as climate, organisms, relief, parent
material and time (Jenny, 1941; Huggett, 1997, 1998). Given the interactions between soil
profiles and their environment, soil profiles preserved in the geologic record as paleosols may
preserve characteristics of the paleoenvironment that they formed in. Some of these interactions
will be discussed herein to understand more about processes occurring during pedogenesis to
suggest what evidence is preserved in paleosols of the middle-upper Pennsylvanian strata of the
IB.
2.2.1

Soil formation processes
Both physical and chemical weathering are controlled by interactions between rocks, air,

water, and organisms (Chamley, 1989). More specifically, chemical weathering is controlled by
climate as well as parent rock lithology and morphology. One of the most common reactions that
occurs during chemical weathering is hydrolysis where fluids with varying compositions break
22

down rocks and sediments by exchanging cations. Although the fluid itself is lost with labile
cations, the elemental composition of the remaining rocks or sediments in the soil profile may
give insight into the intensity of weathering during soil formation (Gislason et al., 2008). For
instance, studies have found that weathering products such as the 2:1 clay mineral smectite forms
due to the release of ~86% of base cations from parent plagioclase, whereas gibbsite and
kaolinite form due to the release of roughly all the base cations from plagioclase (Garrels and
Mackenzie, 1967). Correspondingly, other climate-based factors such as temperature influence
on the solubility potential of minerals, controlling aspects of evapotranspiration and
concentration of solutions (Lelong et al., 1976). Therefore, increased water amounts and
temperatures in the system tends to increase the intensity of chemical weathering (conversely,
e.g. artic desert regions tend to have reduced weathering processes; Lelong et al., 1976). Another
factor to consider is the influence of plants and volatiles in the pedogenic environment.
Plants consume atmospheric CO2 through photosynthesis, which is then released as CO2
and organic acids in the pedogenic environment due to biological breakdown, which promotes
silicate weathering. Studies have shown that elevated quantities of soil CO2 can fertilize organic
activity in soil profiles, producing corrosive acids that have the ability to break down silicates
(Schwartzman and Volk, 1989; Drever, 1994). Plants also generate CO2 in soil profiles through
respiration, lowering the pH in the pedogenic environment and further promoting chemical
weathering of minerals within the soil. In addition to plant-CO2 interactions, plants also interact
with water in the soil profile, impacting physical characteristics of the soil. The most notable
physical effect plants have is the ability to bind and retain fine particles, increasing the mineral
surface area that could be exposed to weathering (Stallard, 1985; Schwartzman and Volk, 1989).
This effect of retained fine particles increases residence time of water in soil systems, and
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increases permeability in soils, thus increasing the reaction time between minerals/rocks and
fluids (Drever, 1994; Kump et al., 2000). Considering that weathering is a primary process
observed in the pedogenic environment in modern soils, there may be signatures preserved in
fossil soils that give insight into ancient weathering processes and thus ancient environmental
conditions influencing soil formation. This may be achieved by observing macromorphological,
mineralogical, and geochemical traits of paleosols in order to arrive at reasonable interpretations
of ancient pedogenic processes. IB paleosols are abundant and versatile across the Pennsylvanian
and can be studied to understand if any and what varieties of pedogenic signatures are preserved
in the geologic record.
2.2.2 Evidence of paleoenvironmental preservation in Illinois Basin fossil soils
As mentioned, paleosols have the ability to potentially preserve climate and environmental
conditions influencing their original soil formation due to interactions between climate, minerals,
organisms, and time. Previous paleosol studies of the midcontinent, equatorial IB focused on the
morphology, chemistry, and mineralogy of IB paleosols because these factors are said to give
insight on paleoenvironmental conditions (Sheldon and Tabor, 2009; Tabor and Myers, 2015).
The morphology and subsequent classification of paleosols is determined by assessing its
physical characteristics and interpreting the cause of their occurrence. Physical characteristics of
interest are grain size, macro-mineralogy, matrix color, relic soil structure, organic organization,
mottling, and horizonation. The prevalence of paleosol profile characteristics is then used to
determine paleosol type. Rosenau et al. (2013a) classified seven groups of paleosols, called
pedotypes, in the IB, employing paleosol orders of Histosol, Protosol, Vertisol, and Calcisol
(sensu Mack et al., 1993). Secondary modifiers gley, calcic, and vertic were used to provide
supplementary information to the characteristics and classification of each pedotype. The range

24

in paleosol types classified suggests that the paleoenvironment of the Pennsylvanian was not
constant. Protosols are poorly developed paleosols that may contain traits of other paleosol types,
hence the secondary modifiers. Histosols are indicative of wet, humid, swampy environments,
where precipitation exceeds evaporation. Vertisols are indicative of seasonal climates, that have
distinct wet and dry periods. Calcisols are indicative of more dry climates than Vertisols, where
evapotranspiration exceeds precipitation (<760 cm per year; Royer, 1999; Tabor et al., 2017).
The varying paleosols types found in the IB are reasonable considering the cyclothemic
stratigraphy which has been said to be as a result of changing climate conditions. Rosenau et al.
(2013a) concludes that Vertisols and Calcisols become more common upward in the stratigraphic
succession, which supports the general drying trend and shift towards seasonality around the
Desmoinesian Missourian boundary, as deduced from paleontological evidence discussed
previously in this work. Further studies of the chemistry of Illinois Basin paleosols can give
insight into the late Pennsylvanian paleoenvironments of this North American midcontinent,
equatorial basin.
Oxygen and hydrogen isotopic values derived from hydroxyl bearing phyllosilicate minerals
in paleosols that have not been altered by post-pedogenic diagenesis have been used to describe
ancient paleoenvironmental conditions operating at the time of mineral formation (e.g. Savin and
Epstein, 1970; Delgado and Reyes, 1996; and many others). Tabor and Montañez (2005)
estimated crystallization temperatures of mineral mixtures with a composition of kaolinite and
2:1 phyllosilicates that formed in low-temperature sub-aerial weathering environments which can
be used to interpret paleotemperature. Rosenau and Tabor (2013) employed this methodology, by
measuring δ18O and δD values from phyllosilicates in IB paleosols to estimate middle-late
Pennsylvanian low-latitude terrestrial paleotemperatures and soil water δ18O values. Composite
25

phyllosilicate mineralogy, δ18O and δD values, and crystallization temperatures from
phyllosilicates that presumably formed in equilibrium with meteoric waters in a shallowly
buried, unaltered, northern part of the basin sample locality revealed a warming trend from the
Desmoinesian into the Missourian (from 23 ± 3°C to 32 ± 3°C respectively; Rosenau and Tabor,
2013). This temperature shift is consistent with the middle-upper Pennsylvanian strata, as
discussed previously. It should be noted that samples with higher amounts of illite and higher
calculated temperatures from the deep basin interior are thought to be the result of diagenetic
overprinting. Moreover, our understanding of diagenetic influence on paleosols in the IB is
limited to the results of the dataset reported in Rosenau and Tabor (2013).
Although the amount of work conducted on paleosols in the Illinois Basin is robust, the
breadth of literature on reconstructing ancient environments from soils during the Pennsylvanian
in the IB is relatively minor. Still, there is additional information preserved in paleosols that can
help improve our understanding of paleoenvironmental conditions during soil formation in the
middle-late Pennsylvanian. Such information can be found in dominant product of weathering in
the soil profile, clay minerals.
2.2.3 Clay minerals and illitization
Minerals that are often analyzed in paleosols are clay minerals, namely phyllosilicates,
because they are said to be the mineralogical product of certain weathering processes during soil
formation (Chamley, 1989). Clay minerals that have been found in the Illinois Basin are
kaolinite, chlorite, illite, smectite, and mixed-layer illite/smectite (Grim et al., 1935, 1937; Grim
and Allen, 1938; Schultz, 1958; Parham, 1963, 1966; Rimmer and Eberl, 1982; Gharrabi and
Velde, 1995; Rosenau and Tabor, 2013; Rosenau et al., 2013a). Kaolinite is typically produced
from the weathering of aluminosilicates under acidic, warm, and humid conditions in well-
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drained, heavily leached soils (Schwertmann, 1985). Chlorite is not typically produced in the
soil-forming process but is likely inherited to the soil profile as a detrital mineral or a product of
post-pedogenic diagenesis (Southard and Miller, 1966). Illite, smectite, and mixed-layer
illite/smectite are the key clay minerals to this work and thus will be described in more detail
below to provide sufficient background.
Illite is a 2:1 clay mineral group first described in the Illinois Basin by Grim et al. (1937)
and has been used in conjunction with other clay minerals such as smectite to characterize IB
paleosols (Parham, 1966; Rosenau et al., 2013a). Illite formation may occur in weathering,
hydrothermal, and metamorphic environments, and thus exists in sedimentary strata as either an
authigenic, detrital, or diagenetic product. Potassium is the most common cation component of
the illite interlayer space, with an average fixed K content per layer of 0.75 atom per formula
unit for pure illite (Hower and Mowatt, 1966; Eberl et al., 1986; Eberl and Środoń, 1988).
Smectite is an expansible 2:1 clay mineral group with dioctahedral and trioctahedral structures,
with a layer charge between 0.2 and 0.6 per formula unit. It has been found that smectite
weathers from detrital chlorite and illite (Jackson, 1964; Barnhisel and Bertsch, 1989). The
ability for smectite to swell is due to its small layer change and the charge of the interlayer cation
(Brindley and Brown, 1980; Moore and Reynolds, 1997). Therefore, the spacing between the
layers is positively, though non-linearly, correlated with increasing availability of water or
relative humidity which coordinates these water molecules with exchangeable cations in the
smectite interlayer space (exchangeable cations include Ca, Mg, and Na; Moore and Hower,
1986). This spacing variability is identifiable along the d(00l) hkl crystallographic axis and can
result in bulk volume changes, or expansibility, of this mineral.
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Mixed-layered clay minerals represent an intermediate stage between two discrete
mineral end members, such as smectite and illite (Moore and Reynolds, 1997). The process in
which smectite is converted into illite is called illitization, where the transitory mineral stage is
called interstratified illite/smectite (Howard and Mowatt, 1966). There are several models that
seek to explain the mechanism and processes occurring during illitization (Reynolds, 1985;
Nadeau et al., 1984; Inoue et al., 1987). The generally accepted operation throughout the phase
transition during illitization is dehydration of smectite and interlayer cation exchange over time,
often accompanied by increased burial temperatures. There are two main processes that promote
illitization: diagenesis and pedogenesis (Hower et al., 1976; Eberl et al., 1986). During
diagenesis, smectite is subject to high temperatures (90-100°C; Foscolos et al., 197; Powell et al.,
1978) and pressures during deep burial over time, resulting in some instances in alteration to
illite (Perry and Hower, 1970; Hower et al., 1976; Boles and Franks, 1979; Velde and Vasseur,
1992). During pedogenesis, alteration is due to fluctuating climatic conditions, characterized by
distinct wetting and drying cycles. This alteration primarily occurs in seasonal climates where
redox conditions fluctuate between Fe(II) and Fe(III) valence states, wherein reduction of iron
(Fe(II)) dominates during wet phases and oxidation of Fe(III) dominates during dry phases. For
example, during dry, oxidation phases, smectite is dehydrated while exchangeable cations are
replaced by potassium in the interlayer space, reducing the spacing of the mineral layers
(Robinson and Wright, 1987; Deconinck et al., 1988; Gilg et al., 2003; Huggett and Cuadros,
2005). Both processes will be evaluated herein to understand which paleosols are subject to
pedogenic and or diagenetic alteration during illitization.
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CHAPTER 3
METHODS
3.1 Paleosol Sampling and Classification
Bulk paleosol matrix samples (n=140) were collected from four cores in the IB (Figure
5). Cores include ISGS #1 City of Charleston (CHA), ISGS-Archer-Daniels-Midland, Borehole
MMV-04B (ADM), the Materials Service Corps #F-72-8 (VERM), and the American Coal
Company Borehole 7510-20 (HAM). All cores were previously logged using sedimentological
and stratigraphic principles by Illinois State Geological Survey (ISGS) geologists where basinwide correlations with other cores have been established. Once paleosol profiles were identified
and divided into horizons, matrix samples were taken in 10-20 cm intervals. Paleosols were
classified based on the Mack et al. (1993) paleosol classification scheme, matrix colors were
described using the Munsell Color Chart (1975), carbonate stages were described following
accumulation stages defined in Gile et al. (1966), Machette (1985), and Retallack (1988.), soil
structure was described following the methods employed by Blokhuis (1982), Birkeland (1984),
and Soil Survey Staff (1999). It should be noted that coals, or Histosols (sensu Mack et al.,
1993), were not sampled for this study, but their stratigraphic position was noted and marked in
stratigraphic sections. Also, the Shelburn Fm in the VERM core was removed from the ISGS
Core Repository and was not sampled for this study. Once samples were identified, cores were
correlated using key overlying coal and limestone units (or members) to evaluate lateral
differences in stratigraphy, paleosol types, and clay mineralogical changes relative to the
Desmoinesian-Missourian Boundary (See Figure 5 and Appendix B).
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Figure 5 A. Stratigraphic position of cores and paleosols identified for this study (HAM, ADM,
CHA, and VERM) and those originally collected for Rosenau et al. (2013 a,b; LSC, MAC). The
Desmoinesian-Missourian boundary is highlighted in purple. B. Map of the IB showing
geographic locations of cores sampled for this study (modified from Rosenau et al., 2013a). Core
locations represented by colored circles are the focus of methods and results from this work.
Core locations represented by grey circles are sites studied in Rosenau et al., (2013 a,b) that have
complimentary samples and data that are incorporated into the Discussion of this work. Note also
that XRF results presented in this work originate from all core locations. C. Important units in
the IB that were used to correlate underclays, classified as paleosols, in different cores. Paleosols
within the same row are thought to be soils that formed concurrently in the past. The
Desmoinesian samples are divided from the Missourian samples by the purple line. See
Appendix C for information on the characteristics and classification of these paleosols.
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3.2 Clay Mineral Analysis
Fifty-six matrix samples were individually suspended with deionized (DI) water and
disaggregated in an ultrasonic bath. Samples were isolated to the <2.0 µm equivalent spherical
diameter size fraction by centrifugation (Jackson, 2005). Sixteen of these fifty-six samples were
subject to further centrifugation to isolate the <0.2 µm clay fraction, regarded as dominated by an
authigenic clay mineralogy (n = 16; Stern et al., 1997; Tabor et al., 2002; Tabor and Montañez,
2005). Both <2.0 and <0.2 µm fractions were suspended in DI water and prepared as oriented
aggregates on filter membrane peels and transferred to cleaned glass slides (Kinter and Diamond,
1956). Samples were subject to ethylene glycol solvation at 60°C for 8 hours in order to expand
illite/smectite superstructures, facilitating identification of mixed-layer clays (i.e. illite/smectite
phyllosilicates; Brindley, 1966; Theng, 1974; Moore and Reynolds, 1997; Rosenau and Tabor,
2013). Step-scan analyses of the samples were performed using a Rigaku Ultima III X-ray
Diffractometer at Southern Methodist University (SMU) with Cu-Kα radiation over a range of 2
to 30° 2Θ, and a step scan size of 0.04° 2Θ per 1 second.
3.3 Elemental Analysis of Bulk Paleosol Matrices
Thirty-seven bulk paleosol matrix samples were selected amongst the 220 samples
considered for this work; 140 of which come from the four cores collected in this study and 80
more that were collected from the ISGS Monterey Coal Company (MAC), and the Lone Star
Cement Company #TH-1 (LSC) which were initially collected for the Rosenau et al., (2013a,b)
study (Figure 5). Samples were individually crushed but not ground. Before X-ray fluorescence
(XRF) analyses, the loss on ignition of the paleosol sample was calculated to assess the amount
of volatiles in the sample. This is done by measuring the initial and final mass of the sample,
before and after placing it in the furnace for 3-4 hours at 1050˚C. Each sample was then prepared
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as a fused glass bead. This is done by mixing 0.13 g of the crushed rock sample with 6.87 g of
lithium borate flux and using a Claisse fuser to melt the mixture and fuse it together as a solid,
glass disc. Chemical analyses of samples were performed using a wavelength dispersive XRF
called Thermo Scientific ARL PERFORM’X Sequential X-Ray Fluorescence Spectrometer at
SMU. Samples are bombarded by x-rays causing the emission of a unique photonic signature for
each element present within the fused glass disc that interacts with the x-rays. This allows for the
elemental abundance to be calculated from fluorescence emission spectra. Standards with
measured uncertainties used for this work are listed in Appendix A. Detection limits for elements
of interest for this work are also listed in Appendix A.
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CHAPTER 4
RESULTS
4.1 Paleosol Classification
Paleosol profiles in the VERM, ADM, CHA, and HAM cores were described
macromorphologically and delineated based on horizons as described in Tabor and others
(2017). These descriptions were then used to classify each paleosol (n=44) using the nine
paleosol orders of the Mack et al. (1993) classification scheme and were additionally modified
by secondary descriptors. Characteristics of IB paleosols will be described herein, justifying
classification. Detailed characteristics of all forty-four paleosols identified amongst these four IB
cores are provided in Appendix C, with associated stratigraphic columns in Appendix B.

Figure 6 Core photos with horizon identifiers based on modern soil classification of soil
horizons applied to paleosols (Soil Survey Staff, 1999). All core boxes are 2 feet or ~0.6 meters
long. (A) Paleosol 4 from the VERM core classified as a gleyed calcic Vertisol. (B) Paleosol 2
from the HAM core, classified as a gleyed Vertisol. (C) Paleosol 5 from the CHA core, classified
as a gleyed vertic Calcisol. See Appendix C for details on indetification. See text for discussion.

33

4.1.1 Illinois Basin paleosol macromorphological features and trends
Soil Structure Several ped types are common in IB paleosols: wedge shaped aggregates
and angular to subangular blocky aggregates (Blokhuis, 1982; Birkeland, 1984; Soil Survey
Staff, 1999). Wedge shaped aggregates, or trapezoidally shaped peds with tapering faces, are by
far the most common type of ped found and are fine to medium in size (<5cm), decreasing in
size upward through individual paleosol profiles. These peds coexist with slickensides, and gleytype redoximorphic features. Illuviated clay is much less common, but when present occurs as
coats upon wedge shaped aggregate surfaces. Angular to subangular blocky peds coexist with
many gley type features and is most common in paleosols from the HAM core. Massive horizons
or lack of soil structure is common near the bottom of many IB paleosol types. This
characteristic often defines relict C soil horizons and grades upward into a wedge-shaped
aggregate or other ped type. Massive horizons often occur as features of lower horizons,
representing diffuse horizonation, for example if the lower unit is a limestone, massive structure
often exhibits non-pedogenic calcareousness which tends to decrease upwards through the
paleosol profile.
Carbonates Pedogenic carbonate features exist as stage I and II accumulations in IB
paleosols (Gile et al., 1966; Machette, 1985; Retallack; 1988). Stage II pedogenic carbonate
nodules, with homogenous internal structure, are composed of calcite and siderite, though calcite
is more common, except in the HAM core, where siderite is the more abundant carbonate
mineral. The size of the nodules is fine to medium (<15 mm diameter), though fine (≤5 mm
diameter) is more common throughout the cores. There are several rare, coarse to very coarse
nodules (~3 cm diameter) found in the ADM core (Paleosol 1 = calcic Vertisol; Missourian Srs,
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Bond Fm). General abundance of nodules tends to decrease going up the paleosol profile,
starting at common to many (~20%) decreasing to few or none (0-2%).
Fossilized Organic Matter Idealized models of cyclothemic stratigraphy identified in
the IB, include coal (or Histosol; Mack et al., 1993) underlain by a fine-grained underclay unit
that typically includes a paleosol profile. Although this trend does not exist for all IB paleosols,
many IB paleosols contain varying degrees of fossilized vascular plant organics, with Histosols
having the highest concentration of organic matter. Fossilized organics are often preserved as
leaf type structures in bedded mudstones and downward bifurcating carbon compressions within
massive to blocky mudstones interpreted as fossilized root systems. Fossil root compressions and
rhizoliths are the most obvious and common evidence of biological influence upon paleosol
profiles. However, roots and rootlets are not lengthy in the soil profile, most individual roots are
<5 cm length, though there are discernibility restrictions given the limited cross-sectional surface
area of the core (~ 4 cm). Many IB paleosols exhibit a relatively high concentration of organic
matter in the upper horizons of a paleosol profile, where organics are most common around 10100 cm from the top of the profile. Furthermore, the abundance of organically-formed structures
tends to increase going upwards in the paleosol profile, particularly if the paleosol profile is
overlain by a coal-bearing layer.
Redoximorphic Features Gley-type characteristics in IB paleosols include features
indicative of chemically reduced properties such as low chroma matrix colors and reduced iron
(e.g. siderite, pyrite) or manganese minerals such as pyrolusite. Low chroma soil matrix colors
are grey to green, with Munsell Color values ranging from G1(2.5-8)/(N-5G). In some cases,
these are present as mottles, varying in size from fine to coarse (0-15≤ mm) also with varying
contrast (faint to prominent; Soil Survey Staff, 1999). IB paleosols also contain oxidized
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properties such as concentrations of oxidized iron or manganese represented as red and yellow
mottling, and occasionally nodules, that vary in size and contrast (0-15 mm, faint to prominent).
Another redox feature is haloes which are orange colored (e.g. Fe-oxides, sphaerosiderite)
mineral stains that are tortuous, bifurcating, and weakly cemented that tend to form around root
traces.
Horizonation Fossil soils have the ability to retain many of the morphological features of
their original soil horizons over time, but often many profiles are only partially preserved due to
erosion of profile tops prior to burial. The most common lower boundary for IB paleosols is
diffuse (Retallack, 1988; Tabor et al., 2017), where the lowest paleosol horizon exhibits features
similar to lower sedimentary units as well as weakly expressed features (e.g. incipient ped
structure, weak carbonate accumulation, weak reddening) of overlying paleosol horizons.
Conversely, the most common upper boundary horizon type is abrupt or clear. Given that many
paleosols, or underclays, are stratigraphically beneath coal (Histosol) units, there tends to be a
distinct boundary between the units, observed primarily through differences in organic content of
the units, grain size, and lack of other well-developed pedogenic features in the upper unit.
Determination of lateral continuity of horizonation in a certain locality is impossible to discern
given that this study was completed using only drill cores.
4.2 X-ray Diffraction Spectra
Sixty-five samples were chosen from among the 220 samples collected from VERM,
ADM, CHA, HAM, LSC, and MAC paleosol profiles for X-ray diffraction (XRD) analysis in
order to better understand trends in illite/smectite interlayering across the IB. Sampling for XRD
analysis focused on paleosol profiles around the Desmoinesian-Missourian Boundary (See
Figure 3 and Appendix B) to better understand paleoenvironmental conditions that were
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associated with previously suggested middle-upper Pennsylvanian climate changes and
associated extinction event (Pfefferkorn and Thomas, 1982; Heckel and Weibel, 1991;
DiMichele and Phillips, 1996; DiMichele et al., 2006; Fielding et al., 2008 a, b; Tabor and
Poulsen, 2008; Berman et al., 2010; Gulbranson et al., 2010; Sahney et al., 2010; Rosenau and
Tabor, 2013; Rosenau et al., 2013 a, b; Montañez et al., 2016). Of those sixty-five samples
selected, seven samples were removed from further analysis because they lacked a sufficient clay
sized fraction of materials for analysis; leaving fifty-eight samples. Of those fifty-eight, ten
samples exhibited no XRD detectable illitization or illite/smectite ordering; leaving a total of
forty-eight samples for an assessment of illite and illite/smectite ordering from amongst the four
cores from the IB.
Examples of the XRD spectra from ethylene glycol-solvated (EG) aliquots of oriented
aggregates from the <2.0µm equivalent clay sized fraction among these forty-eight samples in
the CHA, VERM, ADM, and HAM cores are shown in Figure 7. XRD spectra in Figure 7 are
presented in stratigraphic order and color coded by paleosol type from which the sample was
collected. EG solvation is utilized to recognize expansibility of low-order d(00l) diffraction
planes within mixed layer illite/smectite clay minerals, enhancing peak intensity that otherwise
could be indistinguishable from background or interference with neighboring peaks (Moore and
Reynolds, 1997). Peaks of interest for this work are located around 15Å (5° 2Θ Cu-Kα) for
discrete smectite (001), 10Å (9° 2Θ Cu-Kα) for discrete illite (001), 17.5Å (9.8°2Θ Cu-Kα) for
I/S (001/002), 5.2Å (17.5°2Θ Cu-Kα) for I/S (002/003), and 5Å (17.8°2Θ Cu-Kα) for discrete
illite (002). XRD spectra results are variable and do not exhibit an obvious change or transition
through the Desmoinesian-Missourian boundary. In general, XRD spectra exhibit the following
results (see also section 5.2 and Appendix D). Gleyed calcic Vertisols (light green in Figure 7)
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exhibit smaller intensity peaks of illite (001; 002), I/S (001/002; 002/003) in the ADM and
VERM cores, compared to other paleosol types in each core, which may indicate either a lack, or
occurrence at concentrations below detection limits of interstratified illite/smectite minerals and
discrete illite. XRD spectra from the HAM and VERM cores lack high intensity peaks around
low °2Θ angles, which may indicate either a lack, or occurrence at concentrations below
detection limits of discrete smectite (15Å) in the samples. The CHA core sample analyses
include examples from all paleosols types described above and exhibit XRD spectra results with
higher intensity peaks through the core in samples from the lower portion of the stratigraphy, and
generally decreasing intensity and peakedness of the same XRD peaks upwards. This may
indicate a decreasing quantity of clay minerals going upwards in the strata or occurrence at
concentrations below detection limits.
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Figure 7 XRD spectra between 2-30 °2Θ Cu-Kα in stratigraphic order for CHA, VERM, ADM,
and HAM cores of <2.0 µm equivalent spherical diameter clay fraction, prepared as oriented
aggregate mounts, and solvated with ethylene glycol (EG), in order of stratigraphic position in
the core. Color of spectra correspond to paleosol type from which sample was taken.
Grey=gleyed Protosol, dark green=gleyed Vertisol, light green=gleyed calcic Vertisol,
yellow=gleyed vertic Calcisol, dark red= calcic Vertisol. Peaks of interest for this work are
related to the clay minerals smectite, illite, and their combined mixed layer types (001/002;
002/003). These peaks are smectite (001) 15Å (Sm; 5 °2Θ), illite (001) 10Å (Il; 9°2Θ), illite
(002) 5Å (Il; 17.8°2Θ), interstratified illite/smectite (001/002) 17.5Å (I/S; 9.7°2Θ), and
interstratified illite/smecite (002/003) 5.2Å (I/S; 17°2Θ). See text for discussion.
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4.3 XRF Weight Percent Oxides
Thirty-five samples of bulk paleosol matrix materials were chosen from among the
reduced n=48 sample set analyzed via XRD, focusing on those around the DesmoinesianMissourian Boundary. Table 1 shows the results of these details, reported as % of major cation
oxides in each sample. The highest oxide percentages among these samples belong to Al2O3 and
SiO2 as expected given the mineralogy of IB underclays is dominated by quartz and
phyllosilicate minerals (Grim and Allen, 1938; Parham, 1963; Rosenau et al., 2013a,b). Al2O3
and SiO2 range from 19.3 to 41.7 and 15.9 to 44.4 weight % of samples analyzed, respectively
(Table 1). Along with Al2O3 and SiO2, Fe2O3 also can be high in some of these samples, ranging
from 4.7 to 17.6 weight %. K2O, MgO, and Na2O typically are less abundant amongst the
samples analyzed, ranging between 1 to 5 weight % for each oxide component (Table 1). MnO
and P2O5 occur as only trace phases amongst all samples analyzed, with concentrations typically
<1 weight %. However, weight % P2O5 amounts in HAM-22 are substantially higher than those
in other samples, where the cause is unknown. CaO varies throughout the samples and cores,
occurring mostly as a trace oxide concentration although some samples contain substantially
higher concentrations. For example, CHA-51 contains 28.97 weight % of CaO in the sample
(Table 1). TiO2 also varies throughout the cores and samples, ranging between trace and minor
levels (0.60 to 1.59 weight %; Table 1).
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Table 1 Weight % of oxides in VERM, ADM, CHA, HAM, MAC1, and LSC cores, with sampling emphasis
around the Desmoinesian-Missourian Boundary. Associated Series, Formation, paleosol type, and paleosol
contents (organics and carbonates) are noted for each sample. Samples for each core are organized in
stratigraphic order. Note that significant figures are unexpressed to avoid rounding errors. See Appendix A
for information on standards, standard uncertainties, and element detection limits.

CHAPTER 5
DISCUSSION AND CONCLUSION
5.1 Paleosol Identification
This study found no substantial differences in the types and stratigraphic distribution of
paleosols in the Illinois Basin from that reported in Rosenau et al. (2013a). That study organized
paleosol types of the Pennsylvanian strata in the IB into a suite of seven groups, or pedotypes,
that represent the range of morphological variations across the study area. This IB Pedotype
classification is assigned letters from A-G (Figure 8), where A represents the pedotype
characterized by morphological features indicative of the wettest paleoenvironments and G
represents the pedotype characterized by morphological features indicative of the driest
paleoenvironments among all pedotypes; intervening letter assignments (B – F) represent
morphological features that indicate environmental conditions between the end-member
environmental conditions represented by A and G. Figure 9 shows the stratigraphic position and
depth of each paleosol type in the IB cores studied herein using the paleosol classification and
pedotype nomenclature described in Rosenau et al. (2013a). All four cores exhibit a type of
cyclicity, transitioning from pedotype A, classified as a Histosol, which is indicative of a
waterlogged environment to pedotype G, classified as a calcic Vertisol which is indicative of a
drier paleoenvironment with distinctly seasonal climate characterized by episodic dry and wet
seasons.
Identification of macromorphological features can give insight into the environment of
soil formation. Wedge shaped aggregate peds and slickensides are vertic properties indicative of
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climates characterized by seasonal precipitation in profiles with swelling clays. Gley-type
properties such as low chroma matrix colors, yellow-red mottling, and the presence of reduced
and oxidized iron and or manganese bearing minerals are characteristic of environments with
fluctuating oxygen abundances in the soil profile. These properties are attributed to an
environment with a changing water table level where a high-water table indicates poorly drained,
water-logged conditions. Roots preserved in paleosols can be helpful indicators of water table
position within the paleosols and general drainage conditions, because roots seldom penetrate
below the watertable. Therefore, waterlogged soils typically do not preserve evidence of deeply
penetrating roots (<5 cm), while well-drained soils may contain evidence of rooting structures
that extend to greater depths. Considering the small and thin bifurcating roots and rootlets found
in IB paleosols (Figure 8), it follows that many of these soils formed under waterlogged
conditions with typically shallow groundwater table.
Overall, these results uphold the original interpretations of IB pedotypes in Rosenau et al.
(2013a) where the paleosol types are distributed among Histosols, Protosols, Vertisols, and
Calcisols (Figures 6, 7). This also likely means that further studies of Illinois Basin stratigraphy
will not result in any substantially different paleosol type or paleoclimatic interferences from the
morphological expression(s) of paleosol profiles observed thus far. Even though these basic
fossil soil properties can give insight into paleoenvironmental conditions that influenced soil
formation, it is necessary to consider the impact of diagenetic alteration through geochemical
analyses to assess the robustness of the inferences presented about ancient environments.
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Figure 8 IB Pedotypes defined in Rosenau et al., (2013a). Paleosol types include Histosols, Protosols, Vertisols, and
Calcisols with gleyed, calcic, and vertic modifiers. Each paleosol type is shown as an abbreviated stratigraphic column
to delineate expected preserved fossil soil horizons. Additional symbols are superimposed to describe pedogenic
characteristics distinct to that pedotype. Pedotypes are organized based on the general paleoenvironment that they
formed in, where pedotype A represents the wettest environment, and pedotype G represents the driest environment.
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Figure 9 Illinois Basin Pedotype Classification of Paleosols from VERM, ADM, CHA, and HAM Cores, with the northernmost
core on the left to southernmost core on the right. The horizontal purple line represents in the Desmoinesian-Missourian
boundary. Paleosol names on the upper x-axis are organized according to the Rosenau et al. (2013) Illinois Basin Pedotype
assignments, with the leftmost pedotype being pedotype A, or a Histosol, and the rightmost being pedotype G, or a calcic
Vertisol. This organization of pedotypes represents a drying climate trend going from pedotype A to G.

5.2 Illitization
Illitization is a complicated process by which pre-existing phyllosilicates undergo
transformation to a K-fixed 2:1 phyllosilicate with a basal d(001) spacing of ~10Å that is
typically, but not exclusively, associated with burial diagenesis of fine-grained siliciclastic
sedimentary strata that were originally enriched in smectite- and vermiculite-group phyllosilicate
minerals (Hower et al., 1976). Nevertheless, several studies have demonstrated a strong
possibility for illitization of pre-existing expansible 2:1 phyllosilicates in soil-forming
environments characterized by repeated wet-dry cycles and cation-rich, K+ bearing waters; this
is called pedogenic illitization (Eberl et al., 1986; Robinson and Wright, 1987; Deconinck et al.,
1988; Gilg et al., 2003; Huggett and Cuadros, 2003). Regardless of the mechanism behind
illitization, evidence of the degree of illitization is determined by evaluating layer spacings of
mixed-layer illite/smectite superstructures (I/S) using x-ray diffraction methods (XRD; Moore
and Reynolds, 1997).
Méring (1949) provided a comprehensive analysis of interstratified clay mineral
diffraction patterns, indicating that mixed-layer peaks are composites of discrete end member
minerals. Therefore, the proportion of smectite in I/S superstructures is greater if the XRD peak
(d(001/002)) position is closer to the discrete smectite peak, around 15Å (5.2 °2Θ using Cu-Kα
radiation). Furthermore, as illitization progresses, the XRD spectra I/S (001/002) peak °2Θ
values migrate to a higher degree (Hoffman and Hower, 1979; Bethke et al., 1986) resulting from
collapse of the 2:1 interlayer into a 12-fold coordination of basal tetrahedral oxygen anions
around a K+ interlayer cation as other, exchangeable, hydrated cations (e.g., Mg2+, Ca2+ Na+) are
expelled from the interlayer. There are two primary XRD spectra analyses that have been
proposed as a means of distinguishing between diagenetic and pedogenic illite: Reichweite
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ordering and Δ°2Θ measurements. We discuss the results of these measurements from middleupper Pennsylvanian IB paleosol samples below in order to assess whether illite and
interstratified illite/smectite minerals from these strata derives from pedogenic or diagenetic
illitization, under the assumption that these minerals were originally sourced from the same
parent material.
5.2.1 Reichweite Ordering
Reichweite Ordering was developed by Jadgozinski (1949) to identify ordered versus
randomly ordered clay minerals. Ordering in this particular mineralogical sense is dependent on
the number of interactions between neighboring layers in a clay mineral and whether they show a
pattern that permits X-ray data to predict a repetitive relationship(s), or interaction, of
crystallographic form across the d(00l) axis (Reynolds, 1980). Randomly ordered
interstratifications (R0) show no interaction between layers. Based upon observation, ordered
interstratifications are ordered by nearest-neighbor (R1) interlayers and thrice nearest neighbors
(R3; Altaner and Bethke, 1988). The identifiable difference between R1 and R3 ordering is the
amount of illite in the sample, which tends to increase with increasing ordering value (i.e. R3
ordered I/S has more % illite in mixed-layer illite/smectite than R1 ordered I/S or R0 randomly
ordered I/S; Altaner and Bethke, 1988). Ordering can be identified by examining X-ray
diffraction patterns, generated by Cu-Kα radiation, between 5 and 9 °2Θ. If there is an X-ray
diffraction spectrum from 2:1 phyllosilicate mineral with a peak closer to 5 °2Θ, the mineral in
the sample likely is randomly interstratified illite-smectite. If a similar sample exhibits an XRD
spectrum with a peak closer to 9 °2Θ, the sample is considered to be ordered and there is a
predictable, repeating, long-distance pattern of layering of illite-type and smectite-type layers in
the sample. The intensity of a peak is higher for R3 ordered minerals due to overall greater
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crystallinity and long-range order, than R1 ordered minerals. It should be noted that when
picking peaks from an XRD spectrum, an error of ± 0.02-0.08° 2Θ should be expected (Środoń,
1980). Hower et al. (1976) related Reichweite ordering to a process of illitization of a preexisting smectite-group mineral and determined that ordered mixed layered illite-smectite clay
minerals are solely a result of diagenesis. However, subsequent study of illite-smectite
occurrences suggest that randomly-ordered, mixed-layered illite-smectite minerals may result
from either pedogenic or diagenetic illitization (Eberl et al., 1986).
Analysis of Reichweite Ordering in the IB samples in this study reveal only one sample
with R3 ordering, in the VERM core around the Bond-Patoka Fm boundary (Figure 10).
Additionally, the VERM Core shows only one instance of R0 ordering in the Patoka Fm,
whereas the other ten samples analyzed in this core all show XRD spectra corresponding to R1
Reichweite Ordering. The results of this ordering pattern suggest that in most samples the illite
within the clay-sized particles (<0.2 µm) likely is a primary diagenetic mineral in the VERM
core, which is unexpected given its position on the margin of the basin, and thus presumably not
as deeply buried with the most intense history of post pedogenesis diagenetic alteration. To the
west-southwest in the IB, the ADM core has primarily R0 ordering in the core, with a shift to R1
ordering in the mid-depths of the core that include the Patoka Fm. (Figure 10). The Reichweite
Ordering pattern of the ADM core suggest that in most samples the illite within the clay-sized
particles (<0.2 µm) likely is a primary pedogenic mineral product, except for the R1 samples
mentioned which occur in the middle Patoka Fm. To the east-southeast in the IB, the CHA core
records an upward stratigraphic trend of Reichweite Ordering of illite within the clay-sized
particles (<0.2 µm) that varies between R1 and R0 ordering (Figure 10), with increasing R0
ordering upward, that may therefore record evidence of pedogenic and burial-diagenetic
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illitization not observed in other IB cores. Furthermore, past studies such as Rimmer and Eberl
(1982) found R1 ordering in Carbondale Fm underclays, which they claim is due to in situ
alteration by leaching where the impact of diagenesis is unknown. These samples in the lower
depths of this interior basin core were recovered from depths of 1000 ft or greater, it follows that
high temperature burial diagenesis could have impacted these paleosols long after their
formation. Previous studies have shown that the abundance of illite in mixed-layered illite
smectite generally increases with depth in sedimentary sequences both recorded from terrestrial
and marine drill cores and is attributed to burial diagenesis (Hower et al., 1976; Smart and
Clayton, 1985; Burley and Flisch, 1989). Finally, the southernmost HAM Core shows
exclusively R1 ordering of illite within the fine clay-sized particles (<0.2 µm) in all the samples
analyzed. This result indicates that most if not all illite found in the HAM core is due to burial
diagenetic illitization, which upholds the original hypothesis that burial-diagenetic alteration of
sedimentary strata in the IB is more prominent in the southern portion of the IB due to proximity
to the Reelfoot Rift-Rough Creek Graben system, greater burial depths, and significantly higher
burial temperatures (Gharrabi and Velde, 1995).
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Figure 10 Reichweite Ordering values relative to stratigraphic position for each <2.0 µm clay fraction of paleosol
samples from VERM, ADM, CHA, and HAM cores. The northernmost core is on the far left and the southernmost core
is on the far right. Arrows on the left y-axis for each core represents samples in the stratigraphy that did not exhibit any
ordering or illitization alteration. See text for discussion.

5.2.2 Δ°2Θ Analysis
The X-ray diffraction Δ°2Θ measurement of phyllosilicate minerals was developed by
Środoń (1980) to identify interstratified clay mineral thicknesses of samples solvated by ethylene
glycol (EG). In this method the following equation is used to estimate Δ°2Θ EG solvation:
Δ°2Θ = [ illite (002) / smectite (003) ] – [ illite (001) / smectite (002) ]
where illite (002) / smectite (003) represents the X-ray diffraction spectrum peak position of the
composite interstratified I/S (002) phase of illite and (003) phase of smectite, respectively; both
of which occur near 16 °2Θ (using Cu-Kα radiation; Środoń, 1980). Illite (001) / smectite (002)
represents the X-ray spectrum peak position of the composite interstratified I/S (001) phase of
illite and the (002) phase of smectite, respectively; both of which occur near 9 °2Θ (using Cu-Kα
radiation; Środoń, 1980). It should be noted that when picking peaks from an XRD spectrum, an
error of ± 0.02-0.08° 2Θ should be expected (Środoń, 1980). Subtraction of the former quantity
from the latter quantity is a value that correlates to a percent of illite layers within a
phyllosilicate that is organized as an illite-smectite superstructure mineral (Table 2). This Δ°2Θ
EG solvation method allows for the requisite sensitivity of XRD peak positions that is necessary
in order to assess compositional changes between illite-smectite superstructure minerals. This
reflects the fact that the Δ°2Θ EG solvation methods cause all X-ray diffraction peaks to be
displaced in the same direction, thus not impacting the Δ°2Θ value (Moore and Reynolds, 1997).
Using Δ°2Θ values, a percentage (%) value of illite layers in interstratified illite/smectite
phyllosilicate superstructures may be estimated (Table 2). Figure 11 illustrates the % illite
layering in each illite/smectite superstructure from samples collected from the IB cores relative
to their stratigraphic positions. This dataset includes the four primary cores analyzed for this
study, VERM, ADM, CHA, and HAM cores, as well as % illite layering estimates from MAC1
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(in dark grey) and LSC cores (in light grey) which were originally published in Rosenau et al.
(2013 a,b). The MAC1 and LSC cores extend lower in the IB stratigraphic succession than the
cores analyzed in this study and also, exhibit variable but increasing % illite layers in
illite/smectite superstructures of clay fractions collected from lower stratigraphic positions into
the Tradewater and Lower Shelburn Fms (Figure 11). The MAC1, LSC, VERM, CHA, and
HAM show a general increase in % illite layers in illite/smectite superstructures into the Upper
Shelburn, decreasing in the Lower Patoka, increasing around the Bond-Patoka boundary, and
decreasing again in higher stratigraphic positions of the IB Pennsylvanian strata. The ADM core
does not cross the Desmoinesian-Missourian boundary, but % illite layering in illite/smectite
superstructure is greatest around the Bond-Patoka formation boundary (Figure 11). Since % illite
exists in the 0-60% and 60-100% ranges, illitization within the IB samples may preserved
evidence for reflect both burial-diagenetic and pedogenic processes as identified in previous
studies of illitization (Eberl et al., 1986; Hower et al., 1976).
I/S (001/002)

I/S (002/003)

% Illite in

d(Å)

°2Θ

d(Å)

°2Θ

Δ°2Θ

I/S

8.58

10.31

5.61

15.8

5.49

10

8.67

10.2

5.58

15.88

5.68

20

8.77

10.09

5.53

16.03

5.94

30

8.89

9.95

5.5

16.11

6.16

40

9.05

9.77

5.44

16.29

6.52

50

9.22

9.59

5.34

16.6

7.01

60

9.4

9.41

5.28

16.79

7.38

70

9.64

9.17

5.2

17.05

7.88

80

9.82

9.01

5.1

17.39

8.38

90

Table 2 Estimates of % illite in interstratified illite/smectite (I/S) phyllosilicate superstructures
derived from the application of the Δ°2Θ approach to X-ray diffraction (XRD) spectra data
analysis (Środoń, 1980; Moore and Reynolds, 1997). Δ°2Θ is the calculated result of the
subraction of interstratified I/S (001/002) °2Θ value from interstratified I/S (002/003) °2Θ value
for a given sample (Środoń, 1980). See text for discussion.
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As mentioned, samples that are >60% illite in I/S are considered to result only from nonpedogenic diagenetic illitization or diagenetic overprinting of pedogenic illitization in a deeper
burial environment (Hower et al., 1976; Moore and Reynolds, 1997). The basin wide pattern of
% illite in I/S superstructures indicates that the Shelburn and the upper Patoka Fm were the
primary stratigraphic intervals impacted by diagenesis (Figure 11). The diagenetic signature of
high % illite in I/S superstructures found in the HAM core, in the southern portion of the basin,
may reflect influence of the Reelfoot-Rough Creek Graben system and concomitant effects of
greater burial depths and temperatures, similar to results found from Reichweite Ordering
analysis of XRD spectra (Figures 1 and 2; Whitaker et al., 1992; Gharrabi and Velde, 1995). The
ADM and CHA cores are located in the east-central region of the basin, where the depth of the
basin stratigraphy increases compared with more northernly and westernly sites (Figures 2 and
5). Previous studies have shown that rocks from basin interiors are buried deeper than their
marginally located stratigraphic counterparts and are often subject to higher degrees of burial
diagenesis, due to compaction, greater heat and pressure, and continued sedimentation over time
(Bjørlykke, 2014). In addition to the ADM and CHA cores, the VERM core may have been
diagenetically influenced during the formation of the LaSalle anticline that emerged during the
uppermost Pennsylvanian to lower Permian. Studies have indicated that this mild tectonic event
led to brine migration through the Pennsylvanian strata that could have diagenetically altered the
phyllosilicate composition of paleosol profiles after soil formation (Pitman et al., 1997). It is
possible that all of these explanations could contribute to the observed localized diagenesis in the
middle-upper Pennsylvanian strata, however, the location of clay mineral formation should also
be considered to explain the illitization pattern.
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A problem with studying illitization, and clay minerals in general, is determining whether
the minerals formed in situ or if they formed elsewhere and were transported as detrital
components of the sedimentary strata. Several studies have attempted to address this issue, the
most promising of which was a systematic analysis of XRD spectra to identify of illite polytypes
within a sample (Bailey et al., 1962; Pevear, 1992; Grathoff and Moore, 1996; Grathoff et al.,
1998; Grathoff et al., 2001). However, this approach of illite polytype determination is not a
universally accepted solution for determining origin, genesis, and crystallization of clay minerals
due to the varying, and sometimes non-linear, effects of diagenesis. Considering the illitization
pattern determined here for the Pennsylvanian IB strata (Figure 11) and the general way in which
stratigraphy is impacted by diagenesis, we would expect for the lower portions of the
stratigraphic column to show a greater degree of % illite in I/S due to increased likelihood of
burial diagenesis at depth (Hower et al., 1976; Smart and Clayton, 1985; Burley and Flisch,
1989). However, the pattern indicates that the strongest signal of diagenetic illitization is in the
Shelburn and Patoka Fms, with predominantly pedogenic illitization in the underlying
Carbondale and Tradewater Fms (Figures 10 and 11). As mentioned in the previous paragraph
this could be due to brine migration through the strata leading to diagenetic alteration associated
with the formation of the LaSalle anticline (Pitman et al., 1997). Or it could be clay minerals that
were diagenetically altered insitu, eroded, and then redeposited as detrital units of the
sedimentary strata. It is more likely that the latter is true because of the high % illite in I/S signal
detected through two formations (Shelburn and Patoka; Figures 3, 5, and 11) across the basin. If
the brine migrations were associated with the formation of the LaSalle anticline, it follows that
the signal would only be regionally focused to the cores in the eastern portion of the basin near
the anticline (ADM, VERM, CHA cores; Figure 2 and 5; Inoue et al., 1978). For the time being,
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considering the lack of acceptable solutions for determining whether illitization alteration signals
are authigenic or detrital, we will assume that the peak in % illite in I/S seen in the Shelburn and
Patoka formations is due to diagenetically illitized detrital minerals that formed elsewhere and
were transported to their final sample location in the basin. Before making any other
interpretations of the data, a comparison between the two XRD analyses should be completed to
discuss similarities and dissimilarities between the approaches.
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Figure 11 Δ°2Θ values converted to % illite in illite/smectite superstructures relative to
stratigraphic position for each <2.0 µm clay fraction from a paleosol sample taken from VERM
(green), ADM (red), CHA (orange), HAM (yellow), LSC (light grey), and MAC1 (dark grey) cores
(n=48). Samples that have <60% illite are considered to be primarily pedogenically illitized (Eberl
et al., 1986), whereas samples >60% are considered to be diagenetically illitized (Hower et al.,
1976). See text for discussion.
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5.2.3 Basin-wide pedogenic and diagenetic illitization patterns
Illitization in penecontemporaneously-formed paleosol profiles from across the IB is
presented in Figure 12 in order to better understand basin wide illitization mechanism patterns. If
illitization mechanism patterns are better understood in a basin such as the IB, future work can
be focused on areas that solely contain pedogenic illitization and thus more reliably preserves
paleoenvironmental information. This graphic shows Reichweite Ordering and % illite in I/S
data for samples from ancient soil profiles correlated across the basin using marker beds and
previously defined stratigraphy in each core by the ISGS (Figure 5). These points are depicted in
stratigraphic order and color-coded according to core location. Marker beds include the Herrin
Coal, Danville Coal, Chapel Coal, Womac Coal, Carthage Limestone, and the Flat Creek Coal,
from lowest stratigraphic position to highest respectively. Recall that Reichweite ordering data
exists solely for the primary four cores analyzed for this study VERM, ADM, CHA, and HAM
cores, whereas % illite in I/S data includes those four cores plus the LSC and MAC cores
originally collected for the Rosenau et al. (2013a,b) study. Although no consistent pattern in
individual cores is apparent, basin-wide illitization source patterns are remarkable.
Analysis of illitization in equivalent basin-wide soil profiles (Figure 12) from the MAC
and LSC cores (in grey) indicate that they generally have lower % illite in I/S values than the
other four cores. Furthermore, they only exhibit pedogenic illitization. Conversely, the ADM,
VERM, CHA, and HAM cores exhibit >60% in the Danville, Womac, and Chapel coal
underclays. The Reichweite Ordering values for the four cores tend to agree with % illite in I/S
results, being dominantly R1, except for the Danville coal underclay in the CHA core which
conflicts, being only R0 ordering. The Herrin and Flat Creek coal underclays and the paleosol
beneath the Carthage Limestone show greater variability in % illite in I/S, exhibiting both
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pedogenic and diagenetic illitization. Considering the trends in % illite in I/S, samples from the
MAC and LSC cores primarily contain pedogenic illitization and would be the best candidates
for future geochemical and paleoclimate work. However, recall that this study does not report on
Reichweite Ordering from the LSC or MAC cores. Furthermore, in Rosenau and Tabor (2013)
they report on phyllosilicate-rich paleosol samples collected from the LSC and MAC cores that
they analyzed for δ18O and δD values. Their results from the MAC core indicate that
phyllosilicate crystallization temperatures are around 46 ± 3 °C, which they attribute to
diagenetic alteration of the original isotopic composition. Whereas the LSC core produced
phyllosilicate crystallization temperatures around 29 ± 3 °C, which they associate with lowtemperature formation in the pedogenic environment. Therefore, the illitization mechanism
results presented herein do not align with the results of Rosenau and Tabor (2013). The
variability in % illite and Reichweite Ordering in the other four cores from the various basinwide paleosol profiles makes it difficult to ascertain which samples would be reliable
paleoenvironmental proxies. These results should be compared with one another more directly to
determine basin-wide illitization mechanism patterns.
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Figure 12 Reichweite and % Illite from I/S values for equivalent paleosol profiles across the
basin, correlated based on marker beds and Illinois State Geological Survey established
stratigraphic columns for all six cores. By illustrating their stratigraphic position and basin
location, basin-wide illitization source patterns emerge. VERM=green, ADM=red, CHA=orange,
HAM=yellow, MAC=dark grey, and LSC=light grey, with naming system: (core name
abbreviation) – P(paleosol #). Stratigraphic column is modified Willman et al. (1975), Nelson et
al. (2011), and Rosenau et al. (2013a), whereas the Illinois Basin map is modified from Rosenau
et al. (2013a).
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5.2.4 Comparing Reichweite Ordering and % illite in illite/smectite to evaluate the robustness of
illitization mechanism proxies
XRD analysis of <2.0µm clay size fraction of paleosol matrices from the IB were
sampled for this study to consider how studying illitization from interstratified illite/smectite can
give insight into diagenetic trends in a given area. Samples that do not have diagenetic
overprinting can then be utilized as best candidates for paleoclimate indicators, such as δ18O and
δD of phyllosilicates as a paleotemperature proxy, because such samples have no evidence for
substantial alteration during deep burial. Figure 13.A-B compares the fitness of the Reichweite
Ordering and % Illite in I/S via Δ°2Θ proxies to test how both analyses assess illitization
mechanisms and whether or not they agree or conflict. Only 11% of samples measured in this
study agree that they possess pedogenically generated mixed-layer illite/smectite according to
both proxies. Conversely, 29% of samples measured in this study using both proxies indicate that
mixed-layer illite/smectite in the sample was generated from diagenetic illitization. The
remaining 60% of samples analyzed by X-ray diffraction for Reichweite Ordering and % illite in
illite/smectite have conflicting Reichweite and % illite in I/S results. That is, one of the metrics
for that is suggestive of pedogenically-formed illite, and the other metric is suggestive of burialdiagenetic illite.
Therefore, these methodologies are helpful models for understanding the abundance of
illite or smectite in a mixed-layer clay mineral. However, there appears to be a problem when
determining the actual mechanism that is promoting illitization. Another possible conclusion
from this study is that one method is an effective technique for determining pedogenic versus
diagenetic illitization. However, deciding which technique is most effective using these results is
unfeasible at this time. Therefore, until more data can be collected, use of both methodologies for
interpretation of illitization mechanisms should be used carefully or not at all.
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Figure 13 Comparing data from Reichweite Ordering and % illite in I/S derived from Δ° 2Θ. (A)
The Reichweite Ordering values are compared to % illite in I/S values determined from XRD
spectra analyses of <2.0µm equivalent spherical diameter fraction of paleosol matrices. Grey
boxes represent samples that have conflicting results from both analyses. Samples that fall within
the red boxes indicate that both methodologies mixed-layer I/S in the sample was generated
during pedogenesis. Whereas samples that lie within the blue boxes (B) Percentages of samples
that agree and disagree with both analyses. 60 % of samples have differing Reichweite and %
illite in I/S results indicating that each metric should not be evaluated independently or one or
both methodologies are erroneous. See text for discussion
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Considering the results depicted in Figure 13, many samples analyzed by Reichweite
Ordering and % illite in I/S in this study do not reliably indicate whether pedogenic or diagenetic
illitization has occurred. However, 40% of samples do agree on their mechanism that promoted
illitization through the two methodologies, which is presented again relative to stratigraphic
position to understand trends in illitization in Figure 14 to see what information could be
collected if one decided to consider those proxies that agree. In section 5.2.2 of this work, the
pattern of % illite in I/S relative to stratigraphic position indicated that there was an increase in
% illite in I/S around the Desmoinesian-Missourian boundary (Figure 11). Samples that were
>60% illite in I/S were part of this trend and were determined to be detrital clay minerals that
were diagenetically altered before emplacement in their final position. However, considering the
reduced dataset in Figure 14, the results show what was hypothesized. In this case, samples
lower in the stratigraphy indicate that the mixed-layer I/S were illitized during burial diagenesis,
whereas those higher in the stratigraphic succession were illitized during pedogenesis. Again,
this follows what other studies have found, such that the effects of burial diagenesis, i.e. degree
of illitization, are greater at depth (Hower et al., 1976; Smart and Clayton, 1985; Burley and
Flisch, 1989). The results of Figure 14 also suggest that samples higher in the stratigraphy could
be indicating solely pedogenic illitization. This exciting considering the potential paleoclimate
information that could be extracted from these not so altered paleosols. Still, considering the
impact of the direct comparison of Reichweite Ordering and % illite in I/S results in Figure 13,
followed by reduced confidence in these methodologies, the results in Figure 14 are considered
to be only mildly credible. This conclusion is further supported by remarks made in section
4.2.3, comparing isotopic values recorded in Rosenau and Tabor (2013) and the % illite in I/S
results from the LSC and MAC cores. Rosenau and Tabor (2013) state that the MAC core
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produced a diagenetic signal in the isotopic data, giving elevated phyllosilicate crystallization
temperatures. Whereas the LSC core recorded low-temperature phyllosilicate crystallization,
indicating that the LSC core was shallowly buried, and likely not subject to substantial
diagenetic alteration. This conflicts with the results found from the % illite in I/S dataset, where
both the LSC and MAC cores record values below 60% in the lower stratigraphy (Figure 11).
Overall, the ability to accurately determine illitization mechanisms from these proxies is
questionable and should be employed cautiously in future studie. In order to avoid speculation,
no attempt will be made to derive information about the Pennsylvanian paleoclimate in the IB
using this dataset presented in Figure 14.
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Figure 14 % illite in I/S and Reichweite Ordering values from <2.0 µm clay fraction of paleosols
sampled from ADM (red), VERM (green), CHA (orange), and HAM (yellow) cores relative to
stratigraphic position that agree based on statistical comparison in Figure 11. Samples that have a
% illite in I/S <60% and a Reichweite value of R0 are pedogenically illitized, while samples that
have a % illite in I/S value >60% and a Reichweite value of R1 or R3 are diagenetically illitized
originally or have overprinted original illitization signatures.
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5.3 Elemental Geochemistry and Chemical Weathering in the Pedogenic Environment
Bulk matrix geochemistry has been used to evaluate variations of major cations in
paleosols. Molecular or molar weathering ratios have proven to give some insights into the
intensity of chemical weathering within pedogenic systems by attempting to understand waterrock interactions and their resulting products (see section 2.2.1; Sheldon and Tabor, 2009; Velde
and Meuiner, 2008; Retallack, 1991). These ratios are measured by evaluating the products of
weathering processes, typically clay minerals, which represent the bulk material in most soils
and paleosols. Elemental abundances of certain cation-oxides in the paleosols are deduced via Xray fluorescence (XRF) and are compared with one another to determine the rate of weathering
at the time of clay mineral formation. In this case, the major cations of interest are Ca, K, Mg,
and Na because all these elements are released from the silicate-enriched felsic continental crust
when chemically weathered. In this case, alkali and alkaline-earth metals are lost first and then
silica, leaving the parent rock concentrated with alumina and iron oxides (Velde and Meuiner,
2008). There are a series of indices for determining molecular weathering rates that will be
discussed herein for their relevance in determining chemical weathering intensity in IB
Pennsylvanian-aged paleosols and what that might reveal about the paleoenvironment.
5.3.1 Paleoweathering Proxies
Nesbitt and Young (1982) introduced the first widely recognized chemical weathering
intensity proxy, called the Chemical Index of Alteration (CIA). This is measured by the equation:
𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐴𝐴

2 𝑂𝑂3

𝐴𝐴𝐴𝐴2 𝑂𝑂3

+ 𝐶𝐶𝐶𝐶𝐶𝐶+ 𝑁𝑁𝑁𝑁2 𝑂𝑂+ 𝐾𝐾2 𝑂𝑂

× 100. This proportion of oxides indicates how the predominantly

felsic and silicate crust is altered during chemical weathering. For example, when plagioclase
feldspar interacts with carbonic acid, calcium is released along with kaolinite and carbonate (

CaAl2Si2O8 + H2CO3 + ½O2 → Al2Si2O5(OH)4 + Ca2+ + CO32-). CIA indicates that the
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proportion of alumina to these labile oxides increases due to the increased degree of weathering.
Maynard (1992) developed the Chemical Index of Alteration minus Potash (CIA-K) as an
alternative to measuring weathering intensity by restricting the effect of potassium
metasomatism on paleosols. This is measured by the equation: 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐾𝐾 = 𝐴𝐴𝐴𝐴

𝐴𝐴𝐴𝐴2 𝑂𝑂3

2 𝑂𝑂3 +𝐶𝐶𝐶𝐶𝐶𝐶+𝑁𝑁𝑁𝑁2 𝑂𝑂

×

100. Harnois (1988) developed the chemical index of weathering (CIW) which is equivalent to

the CIA-K equation. However, that work was motivated to remove potassium due to the variable

effects of K during pedogenesis, i.e. illitization. The correlated stratigraphic positions of IB
paleosols from the six cores are plotted in Figure 15, with their respective CIA and CIA-K
indices shown on the first and second graphs from the left. Most of the cores show similar
stratigraphic trends in paleosol profile CIA and CIA-K values wherein there are greater values,
thus suggesting increased chemical weathering intensity (average chemical weathering intensity
values for CIA and CIA-K are 73.59 and 82.26 respectively). The CHA-51 sample contains the
lowest CIA and CIA-K value in a sample amongst all cores analyzed, with a molecular portion
value of 21 in the sample. This value is thought to be the result of high amounts of Ca found in
this sample (probably originating from calcite; noted in Table 1). Similarly, lowered paleosol
weathering proxy value for sample LSC-22 is thought to be due to erroneously high levels of
P2O5 noted in Table 1, impacting the other percentages. Still, the CIA-K index shows a similar
pattern for all the samples, except it shifted to the right and has steeper slopes between samples
in the column, indicating that there are greater degrees of chemical weathering than suggested by
the CIA. Given the amount of K in illite, and the % illite in I/S as discussed in sections 4.2 and
5.2, neither of these indices seem to approximate the degree of weathering in paleosols perfectly,
because the pattern does not change significantly once potassium is removed. This could mean
that potassium metasomatism is not problematic in the IB, due to lack of K+ bearing pore fluids.
66

Still, other paleosol weathering indices can be considered in order to better understand chemical
weathering intensity in the IB during the middle-upper Pennsylvanian.
Nordt and Driese (2010) developed the CALMAG weathering index to reduce the
influence of sodium bearing minerals and emphasize CaO and MgO when Mean Annual
Precipitation (MAP) > 900mm. This is measured by the equation: 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐴𝐴𝐴𝐴2 𝑂𝑂3

𝐴𝐴𝐴𝐴2 𝑂𝑂3 +𝐶𝐶𝐶𝐶𝐶𝐶+𝑀𝑀𝑀𝑀𝑀𝑀

× 100. They indicate that this approach is best applied to paleosols with

morphology most similar to modern Vertisols because they respond differently to precipitation
compared to soils evaluated in the development of the CIA or CIA-K indices. This is due to the
fact that soils with vertic properties typically have high amounts of cation-saturated expansible
2:1 phyllosilicates that are particularly enriched in calcium and magnesium. Furthermore, the
CALMAG transform function given above was developed from only modern Vertisol soils not
paleo-Vertisols (Nordt and Dreise, 2010). Considering the composition of Vertisols, important
sources of material that should be accounted for are calcium carbonate, detrital clays, and other
exchangeable Ca2+ and Mg2+. Since many IB pedotypes defined herein and by Rosenau et al.
(2013) are classified as Vertisols or have vertic properties, proxy results of the CALMAG
transform function are considered to have the best potential for a soil weathering index from
paleosol profiles in the Pennsylvanian strata of the IB. However, the CALMAG index results
exhibit similar stratigraphic trends to both CIA and CIA-K (Figure 15), but the values are
exaggerated such that the low intensity values are lower and the high intensity values are higher
in the CALMAG index. Similarities between these indices imply that sodium, present in CIA and
CIA-K, does not vary substantially and thus is not a major component in IB bulk paleosol matrix
compositions to influence chemical weathering (Table 1). Therefore, the important labile oxides
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Figure 15 Results from chemical paleoweathering proxies from individual bulk paleosol matrix samples
relative to stratigraphic position. CIA, CIA-K, and CALMAG show increasing weathering intensity going to
the right on each graph and are measured as molecular proportions (weight % oxide/molecular weight).
Whereas the ΣBases/Alumina proxy exhibits increasing weathering intensity to the left and is measures by
individual molar units (cations).

that govern paleosol weathering indices in the IB are MgO and CaO, though CaO is the only
major element oxide that is constant in CIA, CIA-K, and CALMAG indices.
Retallack (1991, 1999) developed the ΣBases/Al chemical weathering index to account
for non-feldspathic minerals, primarily those with higher amounts of Mg, in the pedogenic
environment. This is measured by the equation:

𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴
𝐴𝐴𝐴𝐴

=

𝐶𝐶𝐶𝐶+𝐾𝐾+𝑀𝑀𝑔𝑔+𝑁𝑁𝑁𝑁
𝐴𝐴𝐴𝐴

. This weathering index

also is potentially subject to potassium metasomatism and illitization given that K is used in the
equation, but like CIA, it can be monitored to prevent erroneous results. ΣBases/Al ratio results
>0.5 are base rich and are associated with modern Alfisols or dystric Argillisols, whereas ratios
<0.5 are base poor and are associated with modern Ultisols or eutric Argillisols (Sheldon et al.,
2002). The ΣBases/Al index has a similar pattern to the aforementioned indices, but it has a
reverse sense such that a low degree of weathering in CIA or CALMAG is equivalent to a higher
value on the ΣBases/Al scale (Figure 15). Given that all the indices show similar results, the
abundances of labile oxides fluctuate, but only with small variability. Still, certain cation oxides
contribute more to the paleosol weathering index results more than others, such as CaO in the
Missourian samples. In sum, the following pattern is observed in each paleoweathering
approach: high chemical weathering intensity in the Desmoinesian followed by lower chemical
weathering intensity in the Missourian. These findings can be related to mineralogical
abundances to understand more about the ancient environment that influenced soil formation.
As stated in section 2.2.3 Clay minerals and illitization, clay minerals that have been
identified in the Illinois Basin are kaolinite, chlorite, illite, smectite, and mixed-layer
illite/smectite (Grim et al., 1935, 1937; Grim and Allen, 1938; Schultz, 1958; Parham, 1963;
Rimmer and Eberl, 1982; Gharrabi and Velde, 1995; Rosenau and Tabor, 2013; Rosenau et al.,
2013 a, b). For the purposes of this discussion, chlorite and discrete illite will be considered
69

detrital or products of diagenesis and are not relevant components towards this discussion of the
Pennsylvanian paleoenvironment (Howard and Mowatt, 1966; Southard and Miller, 1966; Moore
and Reynolds, 1997; Eberl et al., 1988). Therefore, kaolinite, smectite, and mixed-layered illite
smectite are the main products of chemical weathering during pedogenesis in the IB which
develop under different environmental conditions. Kaolinite is typically generated under acidic,
warm, and humid conditions in well drained, heavily leached soils (Schwertmann, 1985). During
this process of hydrolysis, nearly all base cations are lost from a feldspathic parent material, and
thus kaolinite is a product of more intense chemical weathering (Garrels and Mackenzie, 1967).
Smectite and mixed-layer illite/smectite may be generated under seasonal climate conditions,
with distinct wet and dry periods. In this case, ~86% of base cations are lost from a feldspathic
parent material, and thus smectite is a product of less intense chemical weathering than kaolinite
(see section 2.2.1 for discussion on chemical weathering during soil formation and 2.2.3 for
discussion on mixed-layer illite/smectite; Garrels and Mackenzie, 1967; Hower et al., 1976).
Grim and Allen (1938) and more recently Rosenau et al. (2013a) reported that kaolinite
abundances are greater in the Desmoinesian, whereas illite and mixed-layer illite/smectite
become more prominent in the Missourian IB strata. This mineralogical change suggests that the
climate transitioned from a wet to less wet regime from the Desmoinesian into the Missourian.
This is because kaolinite forms under more intense chemical weathering conditions, i.e. humid
and acidic, whereas mixed-layer illite/smectite forms under less intense chemical weathering
conditions. Therefore, the increased weathering intensity observed in the Desmoinesian using
paleoweathering proxies CIA, CIA-K (CIW), CALMAG, and ΣBases/Alumina (Figure 15) could
be associated to the elevated abundances of kaolinite found in the lower part of the stratigraphic
succession. Moreover, the hint of decreased weathering intensity in the Missourian could be
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associated to the elevated abundances of mixed-layer illite smectite. This paleoenvironmental
interpretation aligns with previous explanations of the IB paleoenvironment which states there
was a transition from a generally wet to less wet climate from the middle-late Pennsylvanian (i.e.
Poulsen and Tabor, 2008; Montañez et al., 2016). It should be noted that many of the chemical
weathering proxies utilized herein have associated equations for quantifying mean annual
precipitation (MAP). However, there are several factors that limit their usage: highly weathered
profiles with kaolinite, waterlogged profiles, and profiles with near-surface carbonates and
evaporites (Sheldon et al., 2002). This is because MAP may be overestimated, and thus not an
accurate representation of ancient rainfall amounts. Considering that many IB paleosols contain
kaolinite, have waterlogged (gley-type) properties, and pedogenic carbonates (see section 5.1 for
discussion of IB paleosol macromorphology), no attempt will be made to estimate MAP using
elemental data and paleoweathering proxies in this work.
5.4 Conclusions
Paleosols identified using accepted classification parameters indicate that IB paleosols
from the Pennsylvanian contain gley, vertic, and calcic properties, and can be classified as
Histosols, Protosols, Vertisols, or Calcisols. These results align with IB pedotypes defined in
Rosenau et al. (2013a), which suggests that these truly are representative paleosol types in the
basin, and no other pedotypes should need to be defined. From a paleoenvironmental
perspective, these classification results indicate that the IB experienced wet and less wet periods.
Basin-wide diagenetic patterns derived from X-ray diffraction analytical methods known as
Reichweite Ordering and % illite in illite/smectite superstructures analyses indicate that the north
side of the basin is less impacted by diagenesis than the south side and the deep interior. These
are interpreted to have been altered during burial diagenesis, the southern portion of the basin
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being additionally influenced by the Reelfoot Rift-Rough Creek Graben system. Further
comparison of Reichweite Ordering values and % illite in I/S for individual samples showed
conflicting results for 60% of the sample set indicating that these proxies do not effectively
differentiate between diagenetic and pedogenic illitization mechanisms and should be used
cautiously to avoid erroneous interpretations. Major element geochemical analyses were used in
attempt to define chemical weathering intensity in order to better understand pedogenic
processes in the Pennsylvanian and the ancient environment that influenced soil formation.
Results indicate that the Desmoinesian experienced higher intensity of chemical weathering
while the Missourian experienced a slightly lower intensity of chemical weathering. This
interpretation is supported by previous mineralogical studies which states that kaolinite, a
product of more intense chemical weathering, is more prominent in the Desmoinesian strata.
Whereas mixed-layer illite/smectite, a product of less intense chemical weathering, has a greater
abundance in the Missourian strata (Grim and Allen, 1938; Rosenau et al., 2013a). This
paleoenvironmental interpretation aligns with previous studies of the low-latitude Pennsylvanian
paleoenvironments which suggest a transition from a wet to less wet climate from the
Desmoinesian into the Missourian. Future work will focus on constraining the parent material
that might have influenced the mineralogical and elemental results of these analyses. Additional
work will focus on separating kaolinite and mixed-layered clay minerals from paleosol matrices,
prior to elemental analysis, to remove the effects of kaolinite when estimating elemental
fluctuations throughout the stratigraphy and chemical weathering intensity.
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APPENDIX
A. X-ray fluorescence standards and element detection limits
Table 1

Table 2

Table 3

Table 1 Standards used for X-ray fluoresce (XRF) analysis are listed. Samples are all official
United States Geological Survey (USGS) certified and have associated recognized mineralogy
reports, noted in the far-right column of the upper table. Loss on ignition (LOI) was calculated
for each standard at SMU, where they were subject to temperatures of 500°C for <1 hour to
determine percent mass lost or gained. Table 2 Reported weight % values for all oxides
considered for this study plus calculated uncertainty. Table 3 XRF instrument minimum
detection limits in ppm for elements of interest in this study. From Fitton (1997) and Geboy and
Engle (2011).
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B. Stratigraphic Columns of VERM, ADM, CHA, and HAM cores

B.1. Vermilion (VERM) core from Vermilion County, IL. Total depth of the core is 366’ (~110
m). This includes strata from the Desmoinesian-Missourian, including the Carbondale, Patoka,
and Bond Fms (the Shelburn Fm from the VERM core was removed from the repository and thus
was not sampled). Six paleosols were identified, and fifty-one samples were taken (represented
by red triangles on the y-axis). Stratigraphic column includes lithological observations logged by
K.E. Clegg and W.H. Smith of the Illinois State Geological Survey (ISGS) in 1972.
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B.2. Archer-Daniels-Midland (ADM) core from Macon County, IL. Total depth is 504’ (~153
m). This includes strata from the Missourian, including the Bond Fm. Five paleosols were
identified, and thirty-five samples were collected (represented by red triangles on the y-axis).
Stratigraphic column includes lithological observations and regional correlations logged by J.
Nelson of the Illinois State Geological Survey (ISGS) in 2009.
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B.3.1. CHA Part 1. Charleston (CHA) core from Coles County, IL. Total depth is 1121’ (~341 m). This
includes strata from the Desmoinesian-Virgilian, including the Carbondale, Shelburn, Patoka, Bond, and
Matoon Fms. Eighteen paleosols were identified, and one-hundred and three samples were collected
(represented by red traingles on the y-axis). Stratigraphic column includes lithological observations and
regional correlations logged by J. Nelson of the Illinois State Geological Survey (ISGS) in 2008.
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B.3.2. CHA Part 2. Charleston (CHA) core from Coles County, IL. Total depth is 1121’ (~341 m). This
includes strata from the Desmoinesian-Virgilian, including the Carbondale, Shelburn, Patoka, Bond, and
Matoon Fms. Eighteen paleosols were identified, and one-hundred and three samples were collected
(represented by red traingles on the y-axis). Stratigraphic column includes lithological observations and
regional correlations logged by J. Nelson of the Illinois State Geological Survey (ISGS) in 2008.
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B.4. Hamilton (HAM) core from Hamilton County, IL. Total depth is 843’ (~257 m). This includes strata from
the Desmoinesian through the Missourian, including the Carbondale, Shelburn, Patoka, and Bond Fms. Fourteen
paleosols were identified, and forty-four samples were collected (represented by red triangles on the y-axis).
Stratigraphic column includes lithological observations and regional correlations logged by J. Nelson and S.
Elrick from the Illinois State Geological Survey (ISGS) from 2014-2015.

C. Classification of Illinois Basin paleosols

The forty-four paleosols identified from the CHA, ADM, VERM, and HAM cores analyzed in
this work. This table shows the macromorphological characteristics considered in order to
classify each paleosol profile, within the parameters Mack et al. (1993) paleosol classification
scheme. The far right column indicates which paleosols are stratigraphically equivalent to one
another, with the naming convention as follows: (Core name)-P(Paleosol number in the core).
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D. Analyses of X-ray diffraction spectra to assess illitization in Illinois Basin paleosols:
Results from Δ°2Θ and Reichweite ordering

Results from XRD spectra analyses of <2.0 µm fraction of paleosol matrix samples from ADM,
VERM, HAM, and CHA cores. Series/stage, formation, and paleosol type sample was extracted
from is stated for reference. Δ°2Θ is the subtraction of interstratified illite/smectite (001/002)
°2Θ from interstratified illite/smectite (002/003) °2Θ to determine % illite in interstratified
illite/smectite superstructures. Reichweite Ordering is determined by the highest intensity peak in
the range between 5 and 9 °2Θ for a given sample. Samples that are 0 indicate no interaction
between layers, whereas 1 and 3 indicate that interlayers are impact by nearest (R1) and thrice
nearest (R3) layers. R0 is represented by °2Θ values closer to 5°2Θ whereas R1 and R3 are
represented by °2Θ values closer to 9°2Θ. R3 simply has a higher intensity peak than R1.
80

E. Chemical weathering intensity proxy results from bulk matrix Illinois Basin
paleosols

Results from application of paleosol weathering intensity proxies and their respective mean
annual precipitation (MAP) equations analyzed from X-ray fluorescence data collected from
thirty-seven bulk paleosol matrix samples. Samples taken from CHA, ADM, VERM, HAM,
LSC, and MAC cores with emphasis around the Desmoinesian-Missourian boundary due to
interest sourced from reported changes in flora, vertebrates, climate, etc. at this time (see section
2.1.3 for further discussion). CIA, CIA-K, and CALMAG proxies are reported as molecular
proportions (weight % oxide/molecular weight), where large numerical values are indicative of
increased intensity of chemical weathering. While the ΣBases/Alumina proxy is reported as
individual molar units (cations), where smaller numerical values are indicative of increased
intensity of chemical weathering.
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